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SIMILARITY RULE FOR DYNAMIC MODEL 
TESTS OF GEOTECHNICAL STRUCTURES 
Gao Lin 
Dalian University of Technology 
Dalian 116024,China 
ABSTRACT 
Soils and rocks are characterized by their highly nonlinear behaviors. This makes it very difficult to ensure similarity between 
model and prototype for dynamic model tests of geotechnical structures. In reality, a great number of such tests were carried out 
qualitatively, and valuable information was missed. Based on fairly long time practice and experience of performing dynamic 
model tests, we get some new ideas to establish similarity relationships between model and real earth structures. It is noticed 
that during strongly inelastic shaking, peak crest acceleration of earth and rock-fill dams decreases with increasing base 
excitation, finally at near failure stage the dynamic amplification tends to the uniformly distributed along the dam height and 
approaches 1.0, despite the variation of inhomogeneity of the dam materials. Results of centrifuge modeling and field 




A great many earth and rock-fill dams have been built in 
high seismic areas. Among them there are over 80 thousand 
in China. The safety evaluation of these structures to 
withstand strong earthquake shocks are of great concern, 
since tremendous material damages and loss of human lives 
may be caused by the failure of these structures. And the 
larger or the higher the dam, the more disastrous the 
consequences. 
During the last two or three decades, our ability to analyze 
mathematical models of geotechnical structures subjected 
to earthquake ground motions has improved dramatically, a 
great variety of sophisticated computer programs of 
nonlinear analyses have been developed and used for 
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numerical computations. 
However, considerable discrepancies exist from the results 
predicted by various models in the computed behaviors of 
the dam at its ultimate state. This implicates uncertainties 
of the nonlinear earthquake analyses of fill dam type 
structures. The needs to extend the existing and to attain 
new knowledge on the dynamic behaviors of earth and 
rock-fill dams motivate, along with the limitation of field 
data, laboratory experiments on small-scal models. 
Since soils and rocks are characterized by their highly 
nonlinear behaviors, it is very difficult to ensure similarity 
between model and prototype for dynamic model tests. For 
the most part, such tests were carried out qualitatively, 
unfortunately, only limited information could be obtained. 
Based on fairly long time practice and experience of 
performing dynamic model tests, we get some idea to 
establish rather simple similarity relationships between 
model and real structure of geotechnical structures. 
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According to the dynamic experimental results performed 
at our laboratory for a model dam 1.06m high (Fig. l), it is 
revealed, that the distribution of acceleration response 
along the dam height varies with the intensity of base 
excitation. When exciting acceleration is very low, the dam 
behaves like an elastic continuum, the crest amplification is 
about 2.0. By increasing the level of excitation, the 
distribution of acceleration gradually becomes more or less 
uniform with the depth, and finally, the dynamic 
amplification approaches 1 .O for the whole dam. (Fig .2) 
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Fig. 1 Shape of model dam 
0 
Dynamic Amplification 
Fig.2 Distribution of acceleration response due to different 
level of excitation 
Numerical analyses of a concrete-faced rock-fill dam 120” 
height has been conducted by us with equivalent linear 
method. The calculated distribution of acceleration at the 
instant when the crest displacement reaches its maximum 
value is demonstrated in Fig.3. It is seen that the crest 
amplification varies from 3.3 for input acceleration O.lg to 












Fig.3 Calculated acceleration amplification of a 120” 
height dam 
Similar results can be found from the literature. Field 
measurements were performed at several earth and rock fill 
dams during the Loma Prieta earthquake as well as 
previous events ( Harder, 1991). The peak transverse 
accelerations recorded at both the base and crest of these 
dams are depicted in Fig. 4. As may be observed, the points 
indicate that at low accelerations, the amplification through 
embankment dams is relatively large. However, as the peak 
base acceleration becomes larger, the amount of 
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amplification is relatively low, the average amplification 
factor is about 1.1 for exciting acceleration OSg. Further 
reduction of amplification for more intensive excitation 
could be expected. 
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Fig. 5 Spectral amplification factors of the embankments 
Gazatas(l987) computed the seismic response of a 40"' 
high earth fill dam with Layered Inelastic Shear 
Beam(L1SB) method. The typical results are given in Fig.6 
and Fig.7. The dam property corresponds to a stiff silty- 
clay material of an actual modern earth dam. The excited 
earthquakes are five historic recorded motions, all scaled to 
three different peak accelerations: 0.2g (moderate), 0.4g 
Kutter and James (1989) carried out experiments of five (strong) and 0.7g (very strong). Notice the diminishing 
clay embankment models subjected to 23 simulated amplification of peak crest accelerations from about 2.1 to 
earthquakes on the Cambridge geotechnical centrifuge. The 1.6 and finally to 1.0, as the peak ground acceleration 
influence of earthquake intensity on dynamic magnification increases from 0.2g and 0.4g to 0.7g. 
was studied. It is seen in Fig.5 that the spectral 
Fig.4 Comparison of Peak Base and Crest Accelerations 
Measured at Earth Dams 
amplification factors, i.e. ratio of spectral acceleration at 
crest to that at the base, reduce as the size of the earthquake 
increases. The size of the earthquakes is characterized by 
the amount of crest settlement referring to prototype terms, 
which is shown in parentheses in the figure. The 
fundamental natural frequency of the embankments appears 
to be about 6-7 Hz. For the smallest earthquake the average 
amplification reaches 3.6 and for the largest earthquake 
(CIV), it reduces to 1.16. The second natural frequency of 
the embankments -15Hz appears to be damped out when 
excited by the largest earthquake. 
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Fig.6 Typical results of LISB analysis for a modern earth- 











Fig. 7 Average amplification for different level of 
earthquake excitation 
Gazatas (1987) also studied the effect of inhomogeneity 
and degree of nonlinearity of the material on the dam 
response with the LISB method. The dam is a hypothetical 
one, 120" in height and having an average low-strain S -  
ware velocity Vm,=360m/s, and subjected to the Taft 1952 
NE component of recorded motion, scaled at peak 
acceleration 0.40g. It is modeled as a nonlinear shear beam, 
the initial shear modulus (G,,.J is taken to increase in 
proportion to z", where z is the depth from the crest, while 
m is parametrically varied from o to 1/3 and to 213. The 
average stress-average strain relationship is assumed to be 
hyperbolic: 
With G,,(z)-the law-strain elastic modulus and y ,  -the 
reference strain, which characterizes the degree of 
nonlinearity. Fig.8 plots the distribution of peak response 
with depth for three values of m and two values of y ,  . It 
is 'seen that the acceleration distribution becomes. .more.. ' . 
uniform, when 'the material varies from: moderately' , . 
ndnlinear , ( y ,  = 0.003) to strongly , ' nonlinear. . .  '. . 
( y ,  .=, 0.0013), in despite of the variation. of.the stiffness' .1 
. . . .  
. .  
(inhomogeneity) along the depth (m=O, 1/3,2/3). . .  
. . .  
From the above investigation several points are worthily 
note:- (1) Subjected to low -level of earthquake excitation,, 
filltype.dams behave more or less like:an, elastic structure, 
dynamic magnification appears noticeable.. (2) . Under ' . 
strong earthquake shocks, the dynamic . .  . amplication ' . 
becomes substandically , reduced and ..the. distribution of. ' . 
acceleration response tends to be uniform along the depth. ' 
The, higher the nonlinearity the .dam .material exhibits, the". 
more evident this phenomenon. 
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Fig.8 Peak acceleration distribution for different constant 
values characterizing nonlinearity 
Y, =0.0030 and y, =0.0013 
SIMILAFUTY RELATIONSHIP 
The equation of motion of the structure subjected to 
earthquake excitation is expressed in the following form: 
where [M], [Cl, [K]are the mass, damping and stiffness 
matrixes of the structure respectively; {U} , { e ) , {U}are 
the displacement , velocity and acceleration of the 
. . 
structure: and { Us } is the earthquake ground acceleration. 
It is seen, the dynamic response of the structure is affected 
by the inertia forces, the damping forces, the elastic 
restoring forces and the earthquake forces. This leads to the 
similarity relationship as expressed below, we call it the 
similarity rule of elasticity. 
G+JTg (3) 
where 1 is the geometric scale of the model; z , Ap and 
2, are the scale factors(ratios of prototype to model) of 
time, mass density and shear modulus of elasticity 
respectively. If viscous damping is assumed, the critical 
damping ratio should be made equal for the real structure 
and the model. And the scale factor of earthquake ground 
acceleration equals ;3. / z 2 . 
Under low level of earthquake excitation, the embankment 
dam behaves mainly like an elastic continuum, the model 
may be designed according to the similarity rule of Eq.(3). 
However, for the safety evaluation of earth and rock-fill 
dams, we are most interested in the dynamic behaviors of 
these structures at near failure stage. In this case, the 
single-granular behaviors of the structure can not be 
ignored and the gravity force plays an important role in the 
dynamic response of the structure. We arrive at the 
additional similarity requirement (Lin 1958) as follows, we 
call it the similarity rule of gravity. 
To design a model that satisfies both the relationship Eq.(3) 
and Eq.(4), is exceptionally difficult. Because once the 
model material is assigned, the scale factors ap and 
&are fixed, the geometric scale of the model can not be 
chosen freely, unless we turn to the centrifuge modeling, 
where the scale factor of gravity acceleration may be 
adjusted. 
Fortunately, we noticed the fact, that during strong 
earthquakes, the dynamic amplification along the height of 
the dam becomes relatively low with the increased level of 
excitation and at near failure stage the averaged value 
approaches 1.0, possibly due to the higher damping and 
yielding of soil materials. We arrive at the conclusion, that 
under this condition, the distribution of dynamic 
acceleration over the dam body does not sensitive to the 
stiffness variation of the dam material. In other words, the 
similarity requirement of the restoring force, that depends 
on the stiffness of the structure and that determines the 
dynamic amplification corresponding to the different wave 
form of earthquake ground nation, could be relaxed. It 
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results in the rather simple similarity relationship expressed 
by Eq.(4), while the similarity relationship expressed by 
Eq.(3) may be ignored. In other words, the similarity of the 
elastic property G between the model and the prototype is 
not required, only the proportion of Gi among every parts 
of the structure in the model and in the prototype should be 
maintained. This simplifies the design of models to a great 
extent. In case the geometric scale of the model and the 
model materials ( il, ) have been selected, the scale factors 
of other physical values can be determined with the aid of 
Eq.(4) straightforwardly. In this way, the model experiment 
of geotechnical structure to study its performance subjected 
to strong earthquake excitation at near failure stage could 
be performed quantitatively. The accuracy may be 
considered sufficient for engineering design purpose. And 
the higher the nonlinear behavior the dam material exhibits, 
the better results may be expected, It is need to point out, 
that at near failure stage the restoring force is no longer a 
linear function of the displacement, it is expressed as {R 
(G,U))instead of [K]{U}.To keep similarity of the 
nonlinear constitutive relationship between the model and 
the prototype material is also important. In order to study 
the failure mechanism of the structure, the similarity of the 
resistance is required. In general, the Mohr-Column 
principle is used as the strength criterion of the soil media. 
The following expression should 
frictional angle and the cohesion 
model material 
be satisfied for the 
of the prototype and 
A2, =I and R, =R./2, (5) 
where a, and & are the scale factors of frictional angle 
and the cohesion of the material respectively. It is seen 
from Eq.(5), the friction of the prototype and model 
material should be equal, while in comparison with the real 
dam material the cohesion of model material needs to be 
reduced nearly in proportion with the geometric scale, 
because in most cases a,, is probably equal to 1 .O. 
CONCLUSION 
Based on the investigation of the results through shaking 
table and centrifuge experiments on small models, 
numerical analyses with equivalent linear method and 
layered inelastic shear beam method for typical dams, and 
field observation data for several dams measured during 
Loma Prieta earthquake and previous events, a rather 
simple similarity rule for dynamic model experiments to 
study the performance of earth and rock- till dams 
subjected to strong earthquake excitation at near failure 
stage is developed. In this way, the experiment may be 
carried out quantitatively. The accuracy is sufficient for 
engineering design purpose. Tbe higher the nonlinear 
behaviors the dam material exhibits, the better results could 
be expected. 
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